Experimental solubilities of 7-chloro-2-methylamino-5-phenyl-3H-1,4-benzodiazepine-4-oxide (chlordiazepoxide), 7-chloro-1,3-dihydro-1-methyl-5-phenyl-2H-1,4-benzodiazepin-2-one (diazepam), and 7-chloro-5-(2-chlorophenyl)-3-hydroxy-1,3-dihydro-1,4-benzodiazepin-2-one (lorazepam) in (propane-1,2-diol + water) at T ) 303.2 K were reported. The solubility of drugs increased with the addition of propane-1,2-diol and reached the maximum values in pure propane-1,2-diol. The Jouyban-Acree model was used to fit the experimental data, and the solubilities were reproduced using a previously trained version of the Jouyban-Acree model and the solubility data in monosolvents in which the overall mean relative deviations (OMRDs) of the back-calculated and predicted values with the corresponding experimental data were 4.2 % and 10.7 %. The solubilities of the three drugs were also predicted using a trained version of the log-linear model of Yalkowsky, and the OMRD was 21.1 %.
Introduction
Propane-1,2-diol (known as propylene glycol in the pharmaceutical industry) is a common and safe cosolvent to be used in pharmaceutical formulations. Its solubilization power is reasonably high, and in many drug formulations the concentration of propane-1,2-diol is lower than 50 %. Propane-1,2-diol is a stable and low toxic pharmaceutical cosolvent which is used as a single or in combination with other cosolvents such as ethanol or polyethylene glycols in oral and parenteral pharmaceutical formulations of poorly soluble drugs.
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The solubility of drugs in propane-1,2-diol + water mixtures is essential information in drug discovery and development studies. The data could be used in recrystallization of drugs and excipients (particle engineering) and also in formulation processes. In addition to the solubilization effects of propane-1,2-diol, it has a stabilization effect against hydrolytic reactions as well, and it could increase the stability of benzodiazepines in the aqueous formulations. 3 Despite experimental effort for determination of the solubility of drugs in water + cosolvent mixtures, a number of mathematical models have been presented for predicting the solubility of drugs in these mixtures which are reviewed in a recent work. 4 Of the numerous models developed in recent years, the Jouyban-Acree model is perhaps one of the more versatile models. The model provides very accurate mathematical descriptions for how the solute solubility varies with both temperature and solvent composition. The model is
where C m,T Sat is the solute solubility in the binary solvent mixtures at temperature T; φ 1 and φ 2 are the volume fractions of the solvents 1 (propane-1,2-diol) and 2 (water) in the absence of the solute; C 1,T Sat and C 2,T Sat denote the solubility of the solute in the neat solvents 1 and 2, respectively; and J i are the constants of the model computed by a regression analysis. 4 The existence of these model constants which require a number of solubility data in water-cosolvent mixtures for the training process is a limitation for the model when the solubility predictions are the goal of the computations in early drug discovery studies. This limitation could be resolved using a trained version of the model for a given water-cosolvent mixture. The trained version of the Jouyban-Acree model for prediction of drug solubility in (propane-1,2-diol + water) at temperature T is enables one to predict the solubilities of any crystalline nonelectrolyte solute in (propane-1,2-diol + water) provided that the solute's solubility in the two monosolvents propane-1,2-diol and water is known. An alternative prediction method is the trained version of the log-linear model of Yalkowsky 6, 7 which is expressed by
where log P is the logarithm of the drug's partition coefficient. 6 The numerical values of log P for chlordiazepoxide, diazepam, and lorazepam employed in this work were 2.44, 2.70, and 2.40, respectively. 8 Experimental solubility of diazepam in (propane-1,2-diol + water) at a temperature of 298.15 K was reported in a previous work. 9 In this work, the experimental solubility of chlordiazepoxide, diazepam, and lorazepam in (propane-1,2-diol + water) at T ) 303.2 K is reported. There were no published data on the solubility of these drugs in (propane-1,2-diol + water) at T ) 303.2 K. In addition, we illustrate the applicability of the Jouyban-Acree model to the measured drug solubility data and assess the prediction capability of the above-mentioned trained models given above for predicting the solubility of drugs in (propane-1,2-diol + water).
Experimental Method
Materials. Chlordiazepoxide (0.997 in mass fraction) or 7-chloro-2-methylamino-5-phenyl-3H-1,4-benzodiazepine-4-oxide (CAS # 58-25-3), diazepam (0.997 in mass fraction), or 7-chloro-1,3-dihydro-1-methyl-5-phenyl-2H-1,4-benzodiazepin-2-one (CAS # 439-14-5) and lorazepam (0.998 in mass fraction) or 7-chloro-5-(2-chlorophenyl)-3-hydroxy-1,3-dihydro-1,4-benzodiazepin-2-one (CAS # 846-49-1) were purchased from Loghman pharmaceutical company (Iran). Propane-1,2-diol (0.995 in mass fraction) was purchased from Merck (Germany); methanol (0.998 in mass fraction) was obtained from Caledon (Canada); and double distilled water was used for preparation of the solutions.
Apparatus and Procedures. The binary solvent mixtures were prepared by mixing the appropriate volumes of the solvents with the accuracy of 0.001 volume fraction. The solubility of benzodiazepines in (propane-1,2-diol + water) was determined by equilibrating excess amounts of the solids at a temperature of 303.2 K using a shaker (Behdad, Tehran, Iran) placed in an incubator equipped with a temperature-controlling system maintained constant to within ( 0.2 K. After a sufficient length of time (> 24 h), the saturated solutions of the drugs were filtered using hydrophilic Durapore filters (0.45 µm, Milipore, Ireland), diluted with methanol, and then assayed at (234, 231, and 231) nm, respectively, for chlordiazepoxide, diazepam, and lorazepam using a UV-vis spectrophotometer (Beckman DU-650, Fullerton). The preliminary investigations showed that the filter did not absorb the solutes through the filtration process. Concentrations of the diluted solutions were determined from the calibration curves. Details of calibration curves are shown in Table 1 . Each experimental data point represents the average of at least three repetitive experiments with the measured solubilities being reproducible on a relative basis within ( 6.3 %. Calculated standard relative deviations of solubilities ranged from 1.3 % to 6.3 %. The densities of the saturated solutions were determined using a 5 mL pycnometer with the uncertainty of ( (0.005 to 0.025) g · cm -3 . Computational Methods. In the numerical analysis of method I, eq 1 was fitted to the experimental solubility data of each drug, and the back-calculated solubilities were used to calculate the accuracy of the fit. In method II, the solubilities of three drugs were predicted using eq 2 employing the experimental solubilities of drugs in pure propane-1,2-diol and water. In method III, solubilities of these drugs were predicted using a trained version of the log-linear model (eq 3) and their aqueous solubility at a temperature of 303.2 K. The mean relative deviation (MRD) was used to check the accuracy of the prediction methods and is calculated using
where N is the number of data points in each set. Goodness of the fit to each method was also shown by plotting the predicted and experimental solubilities of the drugs against the volume fraction of propane-1,2-diol. Table 2 lists the experimental solubilities of chlordiazepoxide, diazepam, and lorazepam in propane-1,2-diol + water mixtures at a temperature of 303.2 K. There is fairly good agreement between aqueous solubility data of diazepam at a temperature of 303.2 K from this work (0.00019 mol · dm -3 ), a published solubility data of diazepam in water at a temperature of 303.15 K (0.00014 mol · dm -3 ), 8 and a recently reported value for the solubility of diazepam in water at a temperature of 298.15 K (0.00015 mol · dm -3 ). 9 Differences in chemical purities and experimental methodologies can lead to slight differences in measured solubility data. Comparing these three values, we note that our measured value of 0.00019 mol · dm -3 at a temperature of 303.2 K is slightly larger than the value of 0.00015 mol · dm -3 reported by Shayanfar et al. 9 This is to be expected as diazepam will be more soluble at the higher temperature. The experimental value of 0.00014 mol · dm -3 is a questionable datum. There is also a parallel shift in solubility data of diazepam at various compositions of (propane-1,2-diol + water) at a temperature of 298.15 K 9 and the corresponding data at a temperature of 303.2 K from this work. The solubility of drugs increased with the addition of propane-1,2-diol and reached the maximum values in pure propane-1,2-diol.
Results and Discussion
The solubility of the benzodiazepines was predicted using numerical methods I, II, and III. The experimental and predicted solubilities of the drugs versus the volume fraction of propane-1,2-diol in the mixtures were plotted in Figures 1, 2, and 3 . As shown in the figures, the Jouyban-Acree model fits very well to the experimental solubility data of drugs at all composition ranges of propane-1,2-diol. This finding is also supported by small MRD values of the back-calculated and experimental solubility data. The main limitation of eq 1 is that it should be trained for each drug employing a minimum number of experimental data in binary solvents. The predictive version of the model, i.e., eq 2, predicts the solubility values with reasonable MRD values. The predicted solubilities were compared with the corresponding experimental data, and MRD values were computed and listed in Table 3 . As noticed above, the log-linear model of Yalkowsky is an alternative model requiring the aqueous solubility data and log P values of the solutes. It provides rough estimated solubility data, and the overall MRD was 21.1 %. Generally, the overall MRDs of the Jouyban-Acree model reveal that its trained version for (propane-1,2-diol + water) is a robust model and could be used for prediction purposes within an acceptable error range. 
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